Cu and Ni within the foliage of Scots pine (Pinus sylvestris L.) was studied during autumnal needle senescence along a heavymetal pollution gradient in western Finland. The stands were located at distances of 0.5 (Har 0.5), 4 (Har 4) and 8 km (Har 8) to the southeast of a copper--nickel smelter at Harjavalta. A background study stand was located at Hämeenkangas (Häm), 60 km northeast of the smelter. During needle senescence, the mobile nutrients N, P and K decreased by 67--88% and needle dry mass decreased by 31--43%. Retranslocation of P and K was less efficient in the stand nearest the smelter (Har 0.5) than in the other stands. During needle senescence at stand Har 0.5, heavy metal content either decreased slightly (Zn, Ni) or increased (Fe, Cu), whereas in the background study stand, retranslocation efficiency of Cu was 75%. Net throughfall (the amount of a nutrient in throughfall minus the amount in open precipitation) was higher in stand Har 0.5 than in stand Har 8 for all of the elements measured, except N and P which were intercepted by the canopy. In stand Har 8, deposition of S, Cu and Ni was intercepted by the canopy, and net throughfall of Fe and Zn was very low. In contrast, S and heavy metal contents of net throughfall in stand Har 0.5 were greater than the decrease in these elements in the needles indicating that accumulation on needle surfaces and subsequent wash-off accounted for a major part of the fluxes. Furthermore, the Cu content in net throughfall during the senescence period was higher than the original Cu content of the needles in July, providing additional evidence that much of the needle Cu content was comprised of dry deposits of Cu on the needle surface.
Introduction
Efficient nutrient retranslocation allows trees to withstand fluctuations in soil nutrient availability. During autumnal nutrient retranslocation, nutrients from senescing needles are transported primarily to remaining needles for overwinter storage (Chapin and Kedrowski 1983) . This storage is of special importance in forests exposed to a pollution load that leads to continuous deterioration of soil nutrient status.
Heavy metal accumulation disturbs decomposition and nutrient mineralization processes in forest soil (e.g., Freedman and Hutchinson 1980, Berg et al. 1991) , leading to low nutrient availability. According to Berg et al. (1991) , the low mineralization rate is caused by changes in both litter quality and soil factors. Studies carried out in a heavy-metal polluted area at Harjavalta, western Finland, have shown that heavy metals have direct toxic effects on soil fauna (Haimi and Siira-Pietikäinen, 1996) and soil microbes (Fritze et al. 1996) . In addition, a decrease in needle litter decomposition rate has been observed in the most polluted area of Harjavalta (Helmisaari et al. 1995) , and the understory vegetation has disappeared almost totally up to a distance of 0.5 km from the emission source (Salemaa and Vanha-Majamaa 1993) ; however, Scots pine has survived even at this distance. The ability of longlived trees to retranslocate nutrients from older to younger tissues may play an important role in the survival of Scots pine in polluted soils with decreased nutrient availability.
The aims of our study were to estimate nutrient retranslocation efficiency in Scots pine foliage of a heavily polluted stand in Harjavalta at a distance of 0.5 km from the emission source and to compare it with retranslocation efficiencies of moderately polluted and background stands.
Material and methods

Study stands
Harjavalta (61°19′ N, 22°9′ E) is situated in southwestern Finland, about 30 km from the coast, in the southern boreal coniferous zone (Ahti et al. 1968) . The long-term (1960 The long-term ( --1990 mean annual temperature at a nearby weather station of the Finnish Meteorological Institute is 4.0 °C and the annual precipitation is 558 mm. The area has been subjected to a heavy pollution load since the 1940s, mainly from a metallurgical plant producing copper and nickel. Table 1 shows the  sulfur dioxide, dust and heavy metal emissions from 1985 to  1992. A transect to the southeast of the metallurgical plant was marked out in 1991. Three study sites were established in Scots Nutrient retranslocation in the foliage of Pinus sylvestris L. growing along a heavy metal pollution gradient pine stands along this transect at distances of 0.5 (Har 0.5), 4 (Har 4) and 8 km (Har 8) from the copper and nickel smelter. One stand (Häm), situated at Hämeenkangas, 60 km northeast from Harjavalta, in an area without local emission sources, was chosen as a background site. Table 2 presents characteristics of the study stands.
At all study sites, the soil is a well developed sandy podsol that is relatively poor in available nutrients. The vegetation is typical of a xerophilous forest site: Calluna vulgaris (L.) Hull., Empetrum nigrum L., Vaccinium vitis-idaea L., Pleurozium schreberi (Brid.) Mit., Dicranum spp., Cladina spp., etc. The sites are of the Calluna type, according to the Finnish forest site classification of Cajander (1949) . The effects of industrial pollution on the vegetation in stand Har 0.5 are visible, although emissions have decreased during recent years.
Sampling
Needles were collected in mid-July 1992 from eight to 10 trees per study stand. The sample trees were randomly selected from five size classes representative of each stand. One branch from the upper, middle and lower crown was randomly sampled for each tree. Because the autumnal litter in southern Finland consists mostly of three-year-old needles (Jukola-Sulonen et al. 1990) , 100 three-year-old fascicles were collected from each selected branch and combined to form a sample of 300 fascicles per tree.
Litter needles were collected in 12 litter traps per stand. The traps consisted of polyethylene funnels located at 1 m above ground level, with cotton bags fixed under the funnels to collect the litter. The collection surface area of each funnel was 0.50 m 2 . The litter samples were removed weekly from July 21 to September 28, 1992. Litter was dried, and needles separated from other litter components. The litter needles from all 12 traps on each plot were combined to give one composite sample from each study stand for each sampling date.
Twenty throughfall collectors were located in each study stand (4 × 5 m lines) to collect rainwater. The total surface area of the 20 rainwater collectors was 0.339 m 
Laboratory analyses and data processing
The concentrations of K, Ca, Mg, Mn, Fe, Zn, Cu, Ni and S in precipitation collected both in an open area and within the stand were determined by inductively coupled plasma--atomic emission spectrometry (ICP--AES). Area-specific deposition values (mg m −2 ) were calculated from the concentrations and sample volumes. Net throughfall was determined as the difference between deposition in throughfall and deposition in open precipitation.
Both green and litter needle samples were dried at 70 °C for 48 h, weighed, and stored in paper bags. Needle unit weight (mg needle −1 ) was determined for each sample. Concentrations of P, K, Ca, Mg, Mn, Zn, Fe, Cu and Ni were determined on a dry weight basis from finely ground needles by dry ashing and extraction with HCl. The filtered solutions were analyzed by ICP--AES. Nitrogen and sulfur contents of finely ground needles were determined by Leco-analyzers. The litter needle mass per unit area was calculated by dividing the total mass of ) was calculated according to the equation:
where W 1 is three-year-old green needle unit mass (g needle
), W 2 is litter needle unit mass (g needle ) was calculated as:
where M 1 is three-year-old green needle mass (kg m ) was calculated correspondingly as:
where M 2 is litter needle mass (kg m ) was calculated by dividing the area-based content by the number of needles per unit area.
To estimate the importance of leaching and wash-off from the needles during the senescence period, the cumulative net throughfall for an interval corresponding to the needle senescence period was calculated for two of the stands (Har 0.5 and Har 8). Net throughfall from the whole canopy was transformed to net throughfall from the senescing needle mass (NT 1 , mg m −2 ) by the following equation:
where TM is total needle mass (kg ha ) and NT is net throughfall from the total needle mass (mg m −2 ).
Results
Nutrient retranslocation and net throughfall
The decrease in nutrient content during autumnal senescence (the difference in needle nutrient content before and after senescence) is presented in Tables 3a (macronutrients) and 3b (micronutrients). The percentage decreases indicate the efficiency of retranslocation for each element. The mobile macronutrients N, P and K always decreased relatively more than the dry mass of the needles, as did Mg and S. Conversely, the relatively immobile nutrients Ca and Mn usually decreased less than the dry mass of the needles, with the exception of Ca in stand Har 0.5. The contents of Fe, Zn, Cu and Ni also decreased less than the dry mass of the needles, with the exception of Cu in stand Häm.
Retranslocation of P and K was less efficient in stand Har 0.5 than in the other stands, and retranslocation of N was less efficient in stand Häm than in the other stands (Table 3a) . The decrease in heavy metal content was low in stand Har 0.5, and the amount of Fe and Cu in needles increased during senescence. There was also an increase in Zn content of stand Häm.
The net throughfall values given in Table 3 are estimates of the proportion of element content in net throughfall that originated from senescing needles. Net throughfall was relatively greater in stand Har 0.5 than in stand Har 8 for all elements studied, except N and P which were intercepted by the canopy The cumulative deposition of N, P and K during the study period was slightly greater near stand Har 8 than near stand Har 0.5 (Table 4) . For all other elements studied, deposition was higher at stand Har 0.5 than at stand Har 8 and the differences were significant for Fe, Zn, Cu and Ni.
The amount of an element in net throughfall indicates the proportion of the total decrease in that element that is caused by foliar leaching and by washing previously deposited material from needle surfaces. We subtracted the K, Ca, Mg, and Mn contents of net throughfall from the total decrease in the content of these elements in needles in stands Har 0.5 and Har 8. We then recalculated the percentage decrease in the values to obtain a corrected estimate of retranslocation efficiency of these elements (Table 5 ). The corrected values indicate less efficient retranslocation of K, Mg and Mn in stand Har 0.5 compared with stand Har 8 than was indicated by the raw percentage decreases given in Table 3 . ) in senescing needles in July and in litter needles collected from August to October. These relative values take into account the variation in total needle mass between stands, and thus also the filtering capacity of the tree canopy. A linear regression analysis on distance from the emission source was performed for green senescing needles, and F-and P-values are presented for significant cases in Figures 1 and 2 . With increasing proximity to the emission source, needle K content increased slightly and the sulfur content and all heavy metal contents, with the exception of Zn, increased significantly. Needle contents of N, P, Ca, Mg and Mn showed no clear trend with distance from the emission source. Net throughfall of sulfur and heavy metals, especially Cu and Ni, in stand Har 0.5 was high compared to the needle content of these elements. Net throughfall of all measured elements was higher in stand Har 0.5 than in stand Har 8.
Relative nutrient content and relative net throughfall
Discussion
Retranslocation efficiencies of 67--74% for N, 74--83% for P and 80 to 88% for K are in good agreement with the results of an earlier study on Pinus sylvestris stands reported by Helmisaari (1992a) . In our study, P and K retranslocation was less efficient in stand Har 0.5 than in the other study stands, which does not support our hypothesis that there is more efficient nutrient retranslocation in heavily polluted forests.
The internal nutrient retranslocation of elements that are highly susceptible to foliar leaching----e.g., K, Ca, Mg and Mn (Helmisaari and Mälkönen 1989 )----can be overestimated if leaching losses are not taken into account. Usually, leaching loss is considered to be equivalent to net throughfall (throughfall minus free precipitation), and the nutrient net throughfall percentage is subtracted from the percentage decrease in total nutrient content of senescing needles to provide a more accurate estimate of nutrient retranslocation (e.g., Ostman and Weaver 1982, Helmisaari 1992b) . In addition to leached nutrients, net throughfall also contains dry deposition components washed off from needle surfaces by rain (e.g., Rosén and Lundmark-Thelin 1985 , Helmisaari and Mälkönen 1989 , Hyvärinen 1990 . Although foliar leaching is generally the major process controlling throughfall enrichment, canopy filtration of dust, aerosols and gases is important under certain conditions (Parker 1983) , for example, in the vicinity of a pollution source. According to the net throughfall measurements made in stands Har 0.5 and Har 8, N and P were intercepted by the tree canopy during the study period, as observed in earlier studies on Scots pine stands (e.g., Mälkönen 1989, Hyvärinen 1990 ). Because no emission-induced K deposition occurred during the study period (cf. Table 4), foliar leaching was probably the main source of K enrichment of throughfall. Potassium retranslocation in stand Har 0.5 was less efficient than in stand Har 8, and when the K net throughfall percentages were subtracted from the percentage decreases in total K for these two stands, this difference in retranslocation between the two stands increased.
The retranslocation efficiencies of Ca, Mg and Mn were within the same range as the retranslocation estimates reported previously by Helmisaari (1992a) for Scots pine stands. Net throughfalls of Ca, Mg and Mn were slightly higher in stand Har 0.5 than in stand Har 8, but the distribution between foliar leaching and wash-off remains uncertain. Sulfur was retranslocated in all stands except Har 0.5, where the retranslocation estimate was not reliable because of the high net throughfall of S. The major portion of S net throughfall consists of dry deposited S, although the exact proportion cannot be determined (Lindberg and Garten 1988 , Kazda 1990 , Cape et al. 1992 ). Retranslocation did not account for the decrease in heavy metal content of senescing needles, except for Cu in the background stand (Häm), where the retranslocation efficiency of Cu was 75%. According to Loneragan et al. (1980) , the mobility of Cu is related to nitrogen metabolism. The decrease in Cu content of senescing tissue reflects the hydrolysis of proteins and was concurrent with the decrease in N. The net throughfall measurements revealed a high load of dry deposition of Fe, Cu, Ni and Zn in the Scots pine stand situated closest to the smelter (Har 0.5). Thus, the calculated percentage decreases in heavy metals in stand Har 0.5 probably reflected needle surface accumulation and wash-off rather than internal nutrient retranslocation. The calculation of retranslocation efficiencies for micronutrients is sensitive to bias because the foliar heavy metal contents are usually low and the estimates are therefore subject to greater error than estimates for macronutrients.
The relative sulfur and heavy metal (except Zn) contents of the needles decreased significantly with increasing distance from the smelter. The decrease in relative Zn content was more gradual and not statistically significant and was probably related to interactions between Cu and Zn uptake by roots (Alva and Chen 1995) . The decreases in S and heavy metal contents are in agreement with recent air quality measurements (Saari et al. 1993 ) and earlier studies carried out in the Harjavalta area (i.e., Laaksovirta and Silvola 1975, Heliövaara and Väisänen 1989) .
